Ultraviolet-visible absorption data have been described for C 60 , C 6 0 1-and C 6 0
.
Near-infrared absorption data have not been presented for any of the oxidation states of C 6 0. We have discovered that this is a serious oversight, because near-IR absorption peaks which are unique to C 6 01-, C 6 0 2 -and C 6 03-are observed upon one, two and three electron electrochemical reductions of IV-visible absorption data have been described for C60 (4) (5) (6) (7) (8) , C601-and C60 2 -(2). Nearinfrared absorption data have not been presented for any of the oxidation states of C60. We have discovered that this is a serious oversight, because near-IR absorption peaks which are unique to C601", C 6 0 2 -and C 6 03-are observed upon one, two and three electron electrochemical reductions of C60. We have rationalized the energies and intensities of these electronic absorptions based on modifications of the known molecular orbital diagram for C60 (9-12). The results of these experimental and theoretical analyses are reported in this correspondence. Table I .
A portion of the molecular orbital diagram (9,10) for the icosahedral (Ih) C 6 0 molecule is shown in Figure 2A . The HOMO is the completely-filled hu orbital and the LUMO is the tlu orbital. The first transition, assigned to the band at 550 nm (dashed line, v, in Figure 2A) , is symmetry-forbidden in Ih. Furthermore, since the ground state of C60 is I Alg (i.e. spherical), the hu -> tlu transition corresponds to a Al that is not equal to 1.
This transition is observed, however, because of vibronic coupling (9) to the totallysymmetric Hg vibration (Raman-active band at 770 cm -1 ) (16, 17) .
Placing an electron into the tlu LUMO (to generate C60 1 -) should result in a new, symmetry-allowed, tlu x Tlu x tlg transition (9) near 1.1 eV (Tju is the electric dipole moment operator in Ih). It is unlikely, however, that this electron would occupy a triply degenerate "ground state" without experiencing some type of Jahn-Teller distortion. Such distortion is predicted for the C12 and C20 species with degenerate ground states (11) and is supported by ESR measurements on C60 1 -(2,18,19). All of this is consistent with a symmetry reduction that lowers the energy of the electron in tlu.
A distortion to cubic symmetry, consistent with the fcc crystal structure of solid C60 (20) , does not reduce the symmetry of the tlu orbital. In contrast, reduction to hexagonal D6h symmetry (21), while retaining the center of symmetry, does permit a transition from the a2u to elg orbitals ( Figure 2B , a2u x Elu x elg). We propose that this transition accounts for the 1078 nm (1.15 eV) peak for C 6 0 1-. The high energy vibronic manifold (800 to 1000 nm) is presumably due to vibronic transitions to the a2g level. This loss of symmetry and lowering of the alu orbital should also shift the visible "hu -> tlu" transition to lower energies (v in Figure 2B ); this shift is observed in the C601-spectrum. The broadening and shifting of the 330 nm transition (2) can also be accounted for by this diminution in symmetry.
When C 6 0 1 -is reduced to the dianion the electrons occupy the two elu orbitals rather than paying the energetic price of pairing in the a2u orbital ( Figure 2C ). This picture is consistent with the ESR spectrum reported for this S = 1 system (2). As indicated in Figure 2C , this should result in two allowed transitions, elu x A2u x elg and elu x Elu X a2g. These transitions should occur at ca 1.3 and 1.5 eV. We propose that these transitions are responsible for the 952 nm (1.3 eV) and 810 nm (1.5 eV) peaks in the C60 2 -spectrum.
Furthermore, as was seen in the C601-case, the "hu -> tlu" transition is again shifted to lower energy, consistent with a lowering in energy of the formerly tlu orbital to accommodate the two unpaired electrons in the elu orbitals.
The C 60 3 -spectrum is particularly interesting. If C60 3 -is S = 3/2, there is no reason for a distortion from Ih symmetry, and the electrons should be found in the triplydegenerate tlu orbital (symmetric ground state). We would, therefore, expect to see a single, sharp transition near 1.1 eV. In contrast, we observe at least three distinct absorptions in the near-IR. Futhermore, while the ESR spectrum is not conclusive, C60 3 -seems to resemble an S = 1/2 system (22). Based on these observations, two molecular orbital scenarios can be proposed for C60 3 -in D6h: (a2u) 2 (elu) 1 or (elu) 3 (a2u) 0 . In both of these examples, a degenerate ground state is realized, and we would expect a further reduction in symmetry to remove this degeneracy. One possibility is D2h symmetry, illustrated by the molecular orbital diagram shown in Figure 2D . The allowed transitions from this (blu) 2 (b2u) 1 (b3u) 0 ground state configuration would be blu-> b2g, b2u-> big, blu-> b3g, and b2u-> b3g, in order of decreasing energy. It is not too surprising that four clearly-resolved peaks are not observed in the near-IR spctrum of C60 3 - (Figure 1, curve D) because of the broadening of these transitions due to the lowering of symmetry and the increasing number of available vibrational manifolds. This undoubtedly accounts for the complex features of this spectrum.
The near-IR absorptions reported here should provide a clear and unambiguous route for determining the oxidation state of C 6 0 in solution. Raman studies of the reduced C 6 0 n -species should corraborate the discussions presented here. Furthermore, it is worth mentioning that we have observed analogous absorptions for the anions of C70 (23).
